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ABSTRACT 


A atudy to determine the feasibility of preparing ultralow denier 
polybenzimidaEole (PBl) yarns was undertaken utiliring technology 
previously developed under various NASA and Air Force contracts. 
Conditions that presently yield multifilament yarns with bundle 
deniers ranging from 75 to 15,000 were used as a baseline. From 
this starting point, process parameters were identified that give 
5-filament yarns with yarn deniers as low as 0. SO. Physical pro- 
perties from such ultralow denier yarns were at levels that would 
permit subsequent fabrication into fabrics. 
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SUMMARY 


Processing parameters are well established for the extrusion of 
polybenziniidazole (PBl) solutions into multifilament yarns with 
filament deniers of 1.5. Fabrics made from such yarns, however, 
would exceed the weight constraints placed upon the Solar Sail and 
lower deniers than had previously been experienced were needed. 

Dy appropriate adjustment of the many variables, which Qontrol 
fiber spinning processes, conditions were identified which yielded 
yarns with filament deniers as low as 0.17. Despite this order of 
magnitude reduction in denier, the physical properties of the yarns 
were not degraded materially. 

Polymer solutions (dopes) were made in dimethylacetamide (DMAc) 
solvent at concentrations of 23% by weight. The dry jet/ wet spinning 
process was demonstrated with the extrusion of spinning dopes from 
10-hole and 5-hole spinnerettes into air gaps of 13 - 18 cm (5-7 inches). 
The extruded filaments, fully coagulated in cool water, were capable of 
being processed at rates of 10 m/min or more. The resulting yarns had 
filament deniers as low as 0.17. Physical properties of the ultralow 
deniers ranged from 5-7 g/d tenacity, 5 - 15% elongation and 130 - 160 
g/d modulus. These properties are roughly comparable to those ob- 
tained with 1. 5 denier per filament (dpf) PBI fibers. 
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INTRODUCTION 


PolybpnzimldaT’.olr (PHI), op more ppopprly, poly-2, 2' (m-phenylene)- 
5, 5' •bibensimidap.olp, is a non-flammablp polynier and textile fiber 
wMch was developed at the Celanese Research Company under Air Force 
and NASA contracts over the past fourteen years. Of the several thou- 
sand pounds of polymer made, most was converted into textile fibers and 
yarns for test and evaluation in Air Force and NASA applications requiring 
non-flamniable woven, knitted, or braided flexible structures such as 
flight clothing and lanyards. PRI is characterized by outstanding thermal, 
physical, and chemical stability, properties which make it attractive for 
applications Involving hostile or extreme environments. The space environ- 
ments in which the Solar Sail would be deployed can be considered to be 
relatively harsh. 

The Solar Sail concept envisions the use of a large sail which will reflect 
the sunlight that impirges upon it. In reflecting the sunlight, a small 
propulsive force will occur which, when integrated over a sufficiently 
large area, will result in a significant thrust. The area density for the 
substrate n\aterial was set at about 3g/m^. A temperature capability-up 
to 370*C was considered necessary as was a long term resistance to radiation. 
Although PBI in fibrous form was not considered feasible for the entire sail, 
it seemed attractive as an accessory in joining segments of the sail together 
and as a rip-stop material. 

The inherent properties of PBI would meet the temperature and radiation 
requirements, but state-of-the-art yarns were considered too big to be 
used in conjunction with a 2. 5nm (0.1 mil) thick film. Typically, PBI yarns 
consist of multiple filaments which have an effective diameter equivalent 
to about 15-17nm (1.5 denier per filament - dpf). Experimentally, some 
filaments had been spun and drawn to a cross-sectional dimension approx- 
imately 10-llnm (1. Odpf) but it was evident that something closer to l-2nm 
was desired. To achieve such ultralow deniers, it would be necessary to 
examine the many spinning process parameters and to find those conditions 
that would permit continuous extrusion of the polymer into very fine filaments. 


OBJECTIVES AND STATEMENT OK WORK 


The objective of the contract waa to determine the feasibility of making 
ultralow denier PBl yarns. This objective was to be met by the per* 
formance of the follow'ing tasks: 

Task 1. A preliminary • idy and calculation will be conducted as to the 
fiber and yarn required to fabricate fabric with an area density of 3g/m^. 
The voids or pinholes present in this fabric will be defined. 

Task 11. Conditions leading to low denier spun yarn will be defined. The 
spun yarn will then be drawn and again the conditions leading to the min* 
imurn possible denier will be defined. 

Among the Important variables in fiber formation are solvent and non- 
solvent selections, polymer concentration, solvent -non- solvent ratio, 
jet -hole size, and shear rate during coagulation. A considerable back- 
ground exists in the dry spinning of PBl and the dry spinning method will 
be examined preferentially over the w-et spinning technique. A series of 
experin^ents in which each of the important variables is considered will 
be conducted. 

PBI is soluble up to about 23% solids level in dimethylacetamide. Other 
solvents include dimethylformantide, di methylsulfoxide, concentrated 
sulfuric acid, and glacial formic acid, but DMAc is the preferred solvent 
and w’ill be used exclusively. Most other liquids are non-solvents. 

Task 111. In the unexpected event that dry spinning does not reach deniers 
below’ 1 dpf, wet spinning methods will be examined. In wet spinning, 
coagulation occurs in a non-solvent. In general DMAc solutions are used 
w'ith water as the coagulant. Other coagulants, such as dilute DMAc or 
dilute sulfuric acid, should be explored. 

Task IV. Physical properties will be determined on selected samples of 
fiber and yarn. In particular, the denier, tenacity, elongation and modulus 
will be determined. Other properties as may be determined to be meaning- 
ful to the Solar Sail application will be made only w-ith the concurrence of 
the NASA Technical Project Manager. 

Task V. Both fiber and yarn samples of the lowest denier achieved (a 
minimum of 20 gms) will be supplied to NASA. 





EXPERIMENTAL 


A. Polymer. Popg and Equipment. 

Polybenzimldasole (PRI) !• « polymer made by the melt condenaatlon of 
1, 3', 4, 4* •tetraaminobiphenyl and diphenyliaophthalate. Typical polymer 
i« a tan to ll|(ht brown powder with an Inherent viacoaity of 0. 7 to 0. 8 dl/g 
(0. 4g per 100 ml of aulfuric acid). Beaidea acid, PRI ia aoluble In 
highly polar aolventa auch aa dlmethylformamlde, dlmethylacetamlde, and 
dln^ethylaulfoxlde. Dln^ethylacetamlde (DMAc) containing 2% LlCl la the 
preferred aolvent which haa been uaed at Celanea.* to apln textile flbera 
from PRI. 

Polymer aolutlona (dopea) were made by aolutlonlng PRI polymer In DMAc 
aolvent. Generally, polymer concentratlona of 23% by weight were uaed. 

In all caaea, 2% lithium chloride waa added aa a atablllzer. 

The equipment uaed throughout the experimental work la conventional 
fiber producing equipment. Schematic dlagrama of the proceaaea uaed are 
ahowTi In flgurea 1 and 2. Photographa of the dry jet/ wet aplnnlng proceaa 
with ita individual componenta la ahown In flgurea 3 through 5. 

R. Single Stage Proceaa. 

The ao'called dry Jet/ wet aplnnlng proceaa la characterized aa being a 
aingle stage or one-atep process since spinning and drawing are accomplished 
continuously In-line. Aa practiced In this project, the spin dope (polymer 
solution) was placed In a pressure vessel (bomb) and heated to 120*C. To 
spin, the dope was fed under O.lOMPa (15 pel) nitrogen pressure to a metering 
pump driven by a variable speed D. C. motor. The pump speed, and hence 
the dope flow rate, was n^aintalned constant by an electronic controller. In 
order to remove the last traces of particulate niatter, the dope v^as passed 
through a heated candle filter and finally, just before entering the splnnerette, 
through a stainless steel sintered disc filter. The apinnerettea used had 
either 5 or 10 holes with diameters of 40nm. The faces of the apinnerettea 
were heated at about 130*C during the extrusion of the dope. 

In the dry Jet/ wet spinning technique, the splnnerette Is positioned vertically 
at some distance above the coagulating bath. The coagulating bath consisted 
of water. A slight flow of fresh water was continuously fed into the coag- 
ulating bath to prevent a build up of tiolvent aa the spinning progressed. 

The coagulated fibers leaving the coagulating bath were passed around a set 
of skewed rolls, the bottom one of which was partially immersed In hot water. 
Ry wrapping the yarn several times around the skewed rolls, the yarn remains 
for sometime on the rolls, during which It la washed free of solvent. 
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Figure 3. Dry J«st/V'et Spinning Line 


Figure 4. Hot Air Draw Tube 


Figure 5. Take-up Unita 
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Thp PBI filamentH from the first set of skewed rolls (wash rolls) were 
dried by passing over a set of steam-heated skewed rolls. Again, the number 
of wraps given the yarn determines the length of time on the rolls. In this 
case, sufficient time was provided to assure that the filaments were thoroughly 
dried before they were subjected to the high temperature drawing step of the 
process. 

Drawing of the yarn was accomplished by passing the dried yarn through a 
heated muffle furnace at 400*-500*C. Skewed rolls before and after the 
muffle furnace are accurately maintained at differential speeds such that the 
yarn is under a given degree of tension. The .ombination of the spin line 
tension and the muffle furnace temperature cause the yarn to elongate. In 
so doing, the polymeric structure within the filaments becomes somewhat 
better organized and the physical properties of the yarn are developed. The 
drawn yarn was collected by either of two pieces of equipment. One such 
unit is a commercial unit w'hich was four.d to be primarily suited for yarns 
of more conventional deniers. The other unit was assembled from a d. c. 
motor, the speed of which could be precisely controlled, and a transverse 
winder. This set-up provided less tension during take-up and permitted 
longer continuous <jperation without breaking the yarn. 

C. Two Step Process. 

The two step process used was very similar to that described above except 
that the drawing step was conducted off line, separately, rather than on-line, 
continuously. This method was tried first so that properties could be measured 
on the as -spun yarn. In this way, progress toward the ultralow denier targets 
could be monitored at an early stage. However, it was found that the rela- 
tively weak as-spun fibers were easily damaged during the take-up operation. 
This resulted in frequent breaks during collection and it was decided to try 
an in-line draw. Once it was demons‘rated that an in-line draw was (eaaiiile, 
the two step method was abandoned. 
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KKSULTS AND DLSCUSSU^N 


A. T.i«k 1. 


Heforr .iny apinnint^ waa attmiptod, a preliminary ntudy and calculation 
waa made aa to the fiber and yarn required to weave a fabric with an area 
denaity of ig/m*'. Aa a firat approach, we aaaumed the poaaibility of apinning 
a 1.0 dpf/10 filament yarn. Such a yarn haa an overall Jenier of 10. Ity def* 
initlon, a 9000 meter length of auch a 10-denier yarn weigha 10 grama, A 
i-gram length of thia yarn would equal 2700 metera. If we aaaume a plain 
weave fabrice with equal numbera of yarna in the x and y directiona (warp 
and filling), a aquare meter of auch a fabric would have H50 meter-long 
yarna in each of the two directiona. The diatance between yarna would then 
be 1/liSO metera (■0,74 mm). In thia firat caae, the effective diameter of 
the yarna waa neglected. 

When the effective diameter of the yarn ia conaidered, a 10 denier yarn 
providea a plain weave fabric with bl, 4% voida or 0.71 mm of apace betw’een 
adjacent yarna. Kxt rapoKited to 1.0 denier, auch a fabric would have 74.1% 
open apace and 0.06 mm between yarna. Thia calculation ia baaed on the 
aaaumption that the yarn filamenta have a perfectly round croaa -aection, 
that the yarn denier ia eqviivalent to that of a monofilament and that the fabric 
yarna are perfectly parallel in both the length^-iae and croaaw'iae directiona. 
The denaity of the Pill waa talten aa 1. 3)g/cm . 

Table I ahowa the calculated apacing and percent voida in a 3g/ni^ plain 
weave fabric uaing PIU yarna of varioua deniera. Figure 6 ahowa the data 
graphically. 

B. Taaka II and III 


A review of conventional apinning technology diacloaed that there are 
advantagea and diaadvantagea to both dry and wet apinning methoda when 
very fine deniera are to be produced. In the typical dry apinning techniquea, 
the polymer aolution ia permitted to drop in a free fall through a considerable 
vertical diatance. Aa the viaroua dope falla, it encountera a hot atream of 
dry gaa (nitrogen in the caae of PBI) which aervea to evaporate the aolvent 
and coagulate the polymer. With auper fine filamenta, the height (5-8 m) 
may be a controlling factor aince the filamenta may not have aufficient 
atrength to maintain integrity all the way to the bottom. 

Wet apinning, on the other hand, ia generally carried out in a horizontal 
poaition with extruaion of the polymer aolution directly into a liquid 
coagulant. However, the unavoidable cur/enta formed in the liquid aa the 


Table 1 


% VoldH and Space between Yarnit for Various 
Denlers of Yarn to Make a Fabric With Area 
Density of 


Denier 


10. 0 
0.0 
8 . 0 

7.0 

6.0 

5.0 

4.0 
0 

2.0 
l.O 
0 . 5 


Kffectlve Diameter Voids 

of Yarn (meter x.10" ) % 


Space between^ 
Yarns(n»eter xlO ) 


1. 2b 
1. 00 

2. 01 
2 . 7 ^ 
2 . 54 
2. to 
2.06 
1. 78 
1. 46 
1.03 
0. 73 


01. 4 
01. 0 
00. 4 
80. 8 
80. 0 
88 . 0 
86 . 6 
84. 6 
81. 3 
74. 1 
64. 5 


71 

64 

56 

40 

42 

35 

28 

20 

13 

6 

4 



Figure 6 


Yarn Required for Fabric of 3g/m^ Density 


Effective Yarn Diameter 
vs % Voids 


b. Effective Yarn Diameter 
vs Spacing Between Yarn 




polymer is extruded into it, can disrupt the filaments when they are 
extrernily fine. Once the filaments are at least partially coagulated, on 
ihc other hand, the liquid surrounding the yarn serves to envelope the 
fila^vents and protect them to some extent. Such protection is partic- 
ularly desirable as the filaments become more and more fragile. 

In order to exploit the desirable features of both spinning methods, it was 
decided to extrude the polymer solution vertically into the air, permitting 
it to drop freely fo.* a short distance before it enters a liquid coagulating 
bath. In thia way, a certain amount of draw down occurs before the polymer 
meets the liquid. At the same time, some coagulation is initiated and the 
fine filaments are better able to withstand passage through the liquid and 
any slight turbulence that may be generated there. 

A spinning dope was made up by solutioning PBI polymer in dimethylacetamide 
(DMAr) solvent. A 23% by weight concentration was used, with 2% lithium 
chlcvide added as a stabilizer. A schematic diagram for the preparation of 
PBI spinning dope is shown in Figure 7. This scheme follows the prodecure 
outlined by Conciatori et al (1). 

In the initial experiments, a two step operation was used. The polymer 
was spun into the coagulant and collected. Then, in a separate operation, 
the spun yarn wa^ made to pass through a hot furnace while being stretched. 
There was considerable difficulty in handling the yarn and in collecting it. 

It is quite weak until it underfpes the hot stretching step (draw) and the 
handling and collection of the spun yarn remained a problem. Moreover, 
the handling problem persisted in the second step during the stringing up.' 

The two-step process is summarized in Table II. 

As shown in Table II, the maximum draw raitlo achieved by the two stage 
method was S.OSXat 500*C. At this temperature, a filament denier of 0.92 
was realized. Since a 10-hole jet was used, the yarn denies wci'ld calculate 
to about 9. 2. Although the physical properties of the 0. 92dpf yarn were 
satisfactory, slightly higher tenacity and elongation were observed when the 
draw ratio was reduced to 3. 41Xat 450*C. The physical properties resulting 
from these experiments are detailed under Task IV. 

In order to minimize the handling of the yarn, a single stage operation was 
tried. An in-line hot air drawing unit was incorporated in the spinning line 
and the spun yarn, taken directly out of the coagulant, was made to pass 
through the hot air drawing unit. This method proved to be significantly 
better than the two step method and was used exclusively during the remainder 
of the study. 

The one-step process is summarized in Table III. 
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i. 


Tabic U 

Two Stage ProccB* 


Splnncrcttc ! 10 hole x 40 nm (micrunn) 
Splnnerette Temperature: 424*K (150*C) 

Bath Compoxltloit Water 

Bath Temperature: Room temperature (296* K - 23'*C) 
Waeh Roll Teniperature: 328 - 338* K (55* - 65* C) 


Heat Draw 



KxtruHlon Rate 

Itath Stretch 

Temperature 

Stretch 

•ample No. 

m/ i*ec(m/ min) 

Ratio 

•K CO 

Ratio 

42077-1 

0. t2 (1‘>.4) 

2.6 

No Draw 


42077-2 

0. 46 (27. t) 

1. 8 

No Draw 


-2-nt 

Pont Prawn 

- 

723 (450) 

3. 55 

-2-P6 

M M 

- 

723 (450) 

t. 41 

-2-P7 

It M 

- 

773 (500) 

5. 08 

X 

1 

1 

M M 

- 

773 (500) 

4. 06 

-1-pl 

It M 

- 

773 (500) 

3. 04 

-1-P2 

f 1 M 

- 

773 (500) 

2. 36 
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An aht>wn in T.ihlr ill, a m.ixiimun dr.i\% of 6. S wan rrachpd. In thr 
' Ktn|{lr Hta|{r tt*fhniqii«*, there i« a certain decree of eaaier control in the 

^ overall draw of the filament. Since the proce«« i» a continuou* one, 

I variation* can he made in the an\ount of draw occurrin|{ during co«)(ulation 

t aimultaneouiilv with variation* in the *tretchin|t takinit place in the hot 

I draw tube. In general, it wa* demon*trated that the one«*tep procea* 

yielded filament denier* a* low a* thowe obaerved with the two*»tage pro- 
ce*a and lower. Thi* i* »hown in Table IV. 

I Since the effort* toward ultralow denier yarn* were encouraging with 10- 

filament yarn*, it wa* decitled to try apinning yarn* with only five filament*, 
j Kven if the filament denier remained the aame, the effect of reducing the 

filament count would be t«' decreane the yarn denier by a factor of two. 
Eaaentially the aame condition* that were *ucce**fully u*ed with the 10- 
hide apinnerette were employed with a 5-hole jet. Keault* of the 5-hole 
trial* are ahown in Table V. 

A* i* ahown in Table V, overall draw ratio* a* high a* d.l were po**ible. 
However, thi* wa* pi>**ihle only at a very low extruaion rate. Such low 
extrunion rate* become impractical for the production of any *ub*tantial 
quantille* of yarn. Moreover, even at the high draw ratio* and low extrviaion 
rate*, thr denier per filament wa* not •** poBMlble with draw 

ratio* of around 6\ at much higher extruaion rate*. 

Several apinning parameter* were evaluated. Theae included air gap, 
bath atretch, b.ith compoaition and ten^perature, heat atretch an«l extruaion 
rate. However, becauae i>f lindt.ition* in time anti reaourcea, a thorough 
evaluation leading to ultimate procea*/ property optintix.ttion* wa* not 
pi'aaible. 

The tliat.ince between the f.ice of the apinnerette an«l the aurface of the 
coag\il.int bath, the air gap, ia known to Intluence the quality of the yarn 
when aome pt>lymera are apun by the dry jet 'wet apinning procea*. Accord- 
ingly, the air gap waa varied between 14 cm (5. f< in. ) and ZZ cm (8. 75 in. ). 
The phyaical propertlea of the yarn* obtained indicated that there waa 
relatively little difference between 14 and 18 cm (7 in.) but there waa aome 
apparent loaa in propertlea, eapecially elongation, at air gap diatance* in 
exceaa of 18 cm. There reaulta are ahown in Table VI. 

The extrviaion rate ia a meaaure of the quantity of polymer being extruded. 

If ti>o little polymer la available, the take-up apeed and draw ratio may be 
affected. The development of fiber propertlea la greatly Influenced by draw 
r atU> and thua the inter relationahip with extruaion rate. On the other hand, 
too great a rate can lead to inaufficient coagulativui unleaa the realdence time 
in the bath ia increaaed. Itecauae a larger amovint of jHilymer ia being coag- 
ulated. the waahing and drying time* uaually need to be extended. If a 


lo 


Tahir lit 


Onv Sl.ijjr l’roco*» 


Splnnrrettr : 10 holr x 40 nm (micron*) 

Splntirrrttr Triiiprraturr t 40^*K (110*C) or 421*K (150*CI 
Path Composition : Water 

Patli Temperature : Roon\ temperature (206*K - 23*C) 
Wash Roll Temperature : 328* - 338*K (55* - 65*C) 

Drylnn Roll Temperature : Steam-heateH (>373*K - lOO'C) 

Heat Prau 



Kxtruitlon Rate 

13alh Stretch 

Temperature 

Stretch 

Sample No. 

m/ sec(m/mln) 

Ratio 

•^rn 

Ratio 

‘•t.77-4* 

0. t‘> (2 t. h) 

1. 3 

773 (SOO) 

1. 0 

-S* 

0. (2 3.M 

1. 3 

77 3 (500) 

2. 3 

-7* 

0. tu (2 3.b) 

1. 3 

773 (500) 

3.2 

n‘»77-l 

0. to (2 3. 6) 

1. 4 

773 (500) 

3.1 

• s- 

0. 30 (2 3.6) 

1. 4 

77 3 (500) 

3. 0 

S1877-1* 

0. 30 (.! 3. 6) 

1.7 

773 (SOO) 

3.8 

-2» 

0. 30 (2 3.6) 

1. 7 

773 (500) 

3. 6 

‘V2077-7 

0. 34 (20. *3) 

2.0 

773 (500) 

4.0 

.0 

0. 34 (20. 5) 

2.0 

773 (500) 

4. 5 


♦ Splnnerette Tomp»*rat\ire; 42t*K (150*C ) 


ORIGINAL PACK IS 
OF IHK)R (iUALmr 


Table IV 


Filament Denier* from Two Stage v* One Stage Processes 


Sample No. 

Process 

Draw Ratio 

Denier/ filament* 

42077-D3 

T wo -Stage 

3.55 

1. 22 

-D8 

Two -Stage 

4.06 

1.19 

-D7 

T wo -Stage 

5.08 

0.92 

5677-4 

One -Stage 

3. 20 

1.13 

5 

One -Stage 

3.60 

0.93 

7 

One -Stage 

4. 50 

0. 77 

6977-2 

One -Stage 

5. 30 

0. 54 

51877-2 

One -Stage 

5. 30 

0. 53 

52077-9 

One -Stage 

6. 50 

0. 50 

♦ The weight in grams of a 9000 meter length of a 

single filament 


Table V 


5- Filament Yarns 


Splnnerette t 
Splnnerette Temperature t 
Bath Composition: 
Bath Tentperature : 
Wash Roll TetiAperature t 
Drying Roll Temperature: 


5-hole X 40 nm (microns) 

405*K (130*0 
Water 

Room temperature (296*K - 23*C) 
328* - 338*K (55* - 65*C) 
Steam-heated (>373*K - lOO’C) 


Sample No, 

Extrusion Rate 
m/ sec(m/ min) 

Bath Stretch 
Ratio 

Heat 

T emperature 
•K CO 

Draw 

Stretch 

Ratio 

DPF4 

71377-1 

0.06 (3.6) 

3. 3 

773 (500) 

3. 3 

0. 33 

713V7-6 

0. 06 (3. 6) 

3. 3 

773 (500) 

4. 2 

0. 32 

71377-8 

0. 06 (3. 6) 

5.6 

773 (500) 

3.0 

0. 32 

M77-5 

0.04 (2.1) 

7. 1 

773 (500) 

2.0 

0. 31 

8577-\ 

0.18 (10. 7) 

3.0 

773 (500) 

3.1 

0. 31 

8577-3 

0.16 (9.7) 

3. 3 

773 (500) 

3.1 

0.18 

8477-1 

0. 17 (10. 4) 

3.1 

773 (500) 

3.0 

0. 17 


♦Denier per Filament 


obkinai. Pfff J 
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Table VI 

Effect of Air Gap on Physical Properties 


Spinnerette: 
Spinnarette Temperature: 
Bath Composition: 
Bath Temperature: 
Wash Roll Temperature; 
Drying Roll Temperature: 


10 hole X 40 nm (microns) 

403-K (130*0 
Water 

Room ten^perature (296*K - 23*C) 
328-338*K (55 • 65*C) 

Steam-heated (>373*K « 100*C) 


Drawing Temperature; 773*K (500*C) 



Air Gap 

Extrusion R .te 

Draw 

Sample No. 

m (in) 

*-i/sec (m/min) 

Ratio 

52077-1 

0.14 (5. 5) 

0. 35 (21. 2) 

5. 5 

52077-6 

0.18 (7) 

0. 34 (20. 5) 

5.6 

52077-7 

0.18 (7) 

0. 34 (20. 5) 

6.0 

51877-1 

0. 22 (8. 75) 

0. 39 (23.6) 

5. 5 


Physical Properties 


Tenacity 

Elongation 

Modulus 


GPa (g/d) 

% 

GPa (g/d) 

DPF 

0. 735 (6.18) 

10.5 

19. 3 (164) 

0. 55 

0.714 (6.08) 

16.6 

16.2 (138) 

0. 68 

0. 705 (5.99) 

13.1 

16. 3 (139) 

0. 60 

0.637 (5.41) 

4. 31 

20.6 (175 

0. 58 


constant denier (diameter) is desired, the draw ratio may have to be 
increased, unless it has already reached the point at which the physical 
properties of the filaments are exceeded, the so-called "draw-break" point. 
The results of a short _an of extrusion rates indicate that a relatively 
wide range of conditions exist within which the tenacity and modulus are 
little affected. The effect on elongation, however, is not clear cut. This 
data is tabulated in Table VII. 

The bath composition and bath temperature generally are related to the 
coagulation rate. It is preferred that the polymer coagulates at such a rate 
as to minimize inhomegeneities from the outer surface to the inner core. A 
brief examination of two bath temperatures and two compositions pointed to 
cool temperatures as being preferable. Little or no obvious differences in 
yarn properties were shown by water over a 50/50 mixture of water/DMAc. 
These data are displayed in Table VIII. 

Among the most important variables to be considered in this project was 
the draw ratio. This parameter was considered key to reaching ultralow 
deniers, while at the same time, providing respectable physical properties. 
For these reasons, a relatively close inspection was given to the draw ratio. 
While the overall ratio is the primary factor, the draw that occurs in the 
coagulant bath, as well as that imposed during passage through the tube 
furnace, were examined. The data collected is shown in Table IX. 

As the work progressed, it became apparent that ultralow denier PBI yarns 
could be made by appropriate adjustment of the various spinning process 
parameters. Furthermore, the ph’ ’cal properties of the ultralow denier 
yarns were not so severely degraded as to preclude their use in the fabri- 
cation of textile structures. 

C. Task IV 


To measure the progress of the work, physical properties were measured 
on selected samples of fiber and yarn. Using standard ASTM test methods 
tenacity, elongation, modulus and denier were determined. Some values 
have already been shown on preceding pages. However, to illustrate how the 
yarn properties served to guide the work. Tables X and XI set forth the 
values obtained during the initial phases of the project, at a time when there 
was a question as to which spinning technique would be used. 

From the tabulated data, it is readily seen that the one-stage process gave 
lower deniers at about the same overall draw ratio and at comparable phy- 
sicals. This was one of the factors that led to the decision to concentrate 
upon the single stage dry jet/ wet spinning process. 





Table VII 


Effect of Extrusion Rate on Physical Properties 


Spinnerette : 
Spinner ette Temperature : 
Bath Composition : 
Bath Temperature : 
Wash Roll Temperature: 
Drying Roll Temperature: 
Drawing Temperature: 
Air Gap : 


10 hole X 40 nm or 5 hole x 40 nm 
403'K (130'C) 

W'ater 

Room temperature (296*K - 23*C) 
328 - 338*K (55 - 65*C) 
Steam-heated (>373* K - 100*C) 
773’K (500*0 
0. 18 m (7 in. ) 


Physical Properties 



Extrusion Rate 

Draw 

Tenacity 

Elongation 

Modulus 

Sample No. 

m/ sec(m/min) 

Ratio 

GPa(g/d) 

% 

GPa(g/d) 

52077-6 

0. 34 (20. 5) 

5.6 

0.714 (6.08) 

16.6 

16.2 (138) 

52577-7 

0.16 (9. 5) 

6. 6 

0.651 (5. 55) 

4.11 

20. 9 (178) 

61777-2 

0.06 (3. 3) 

5.7 

0.622 (5. 30) 

10.9 

15.0 (128 

61777-3 

0. 04 (2.1) 

6. 5 

0. 566 (4. 82) 

4. 51 

16. 8 (143) 

62177-7* 

0/20 (11. 7) 

6. 5 

0.630 (5. 37) 

4.51 

18. 7 (159) 


♦5-Filaments (5 hole x 40 nm jet) 



Table VIU 


Effect of Bath Composition and Temperature on Physical Properties 


Spinnerette : 
Spinnerette Temperature : 
Wash Roll Temperature : 
Drying Roll Temperature ; 
Drawing Temperature : 
Air Gap : 


10 hole X 40 nm 

403*K (130*0 

328 - 338*K (55 - 65*C/ 

Steam-heated (>373*K - lOO’C) 

773*K (500*0 

0. 18 m (7 in. ) 


Bath 


Physical Properties 


Sample No. 

Extrusion Rate 
m/ sec(m/min) 

Composition 

Temperature 
*K (*C) 

Draw- 

Ratio 

DPF 

Tenacity 

GPa(g/d) 

Elongation 

% 

Modulus 

GPa(g/d) 

52577*1 

0.16 (9. 5) 

H 2 O 

288 (15) 

5.9 

0.47 

0.707 (6.03) 

8. 38 

19.6 (167) 

52777-1 

0.19 (11.6) 

H2O 

347 (74) 

6.4 

0. 31 

0.706 (6.02) 

4. 06 

21. 9 (187) 

6177-4 

0. 20 (11.7) 

DMAC/H 2 O 

298 (25) 

5.8 

0.48 

0.678 (5.77) 

6.64 

18. 7 (159) 

6377-1 

0.09 (5.2) 

H 2 O 

288 (15) 

6. 5 

0. 36 

0. 776 (6.60) 

16.6 

15. 3 (130) 

62177-5 

0.20 (11. 7) 

H 2 O 

288 (15) 

5. 9 

0. 34 

0. 705 (5.99) 

7.13 

18. 8 (160) 


Table IX 


Effect of Draw Ratio on Physical Properties 


Spinnerette : 10 hole x 40 nm or 5 -hole x 40 nm (micron) 
Spinnerette Temperature : 403*K (130*C) or 423*K (150*0 
Wash Roll Temperature : 328-338*K (55 - 65“C) 

Drying Roll Temperature : Steam-heated (>373*K - lOO'C) 

Drawing Temperature : 773*K (500* C) 

Air Gap : 0. 18 m (7in.) 

Physical Properties 



Overall Draw- 


Tenacity 

Elongation 

Modulus 

Sample No. 

Ratio 

DPF 

GPa(g/d) 

% 

GPa(g/d) 

5677-4^ 

3.2 

1.13 

0. 601 (5.11) 

34. 8 

12. 3 (105) 

5677-S* 

3.6 

0.93 

0. 727 (6.19) 

21. 4 

15.7 (134) 

5677-7^ 

4. 5 

0. 77 

0. 761 (6. 48) 

22.1 

14.8 (126) 

6977-1 

4. 5 

0.60 

0.667 (5.69) 

9.61 

18.0 (153) 

6977-2 

5. 3 

0. 54 

0. 705 (6.00) 

7.15 

20. 3 (173) 

51877-2^ 

5. 3 

0. 53 

0. 565 (4.73) 

4. 54 

IQ. 4 (165) 

51877-1^ 

5. 5 

0. 58 

0.636 (5.41) 

4.31 

20.6 (175) 

52077-7 

6. 0 

0.60 

0.705 (5.99) 

13.1 

16. 3 (139) 

8577-l^^ 

6.1 

0. 31 

0.785 (6.69) 

9.52 

19.6 (167) 

52077-9 

6. 5 

0. 50 

0. 764 (6. 50) 

8.89 

20.1 (171) 

52577-7 

6.6 

0. 34 

0.651 (5. 55) 

4.11 

20.9 (178) 

71377-1^^ 

6.6 

0. 33 

0.626 (5. 33) 

8.77 

16. 3 (139) 

6277-4 

8.1 

0. 33 

0. 329 (2.80) 

16.7 

8. 70 (74) 

71377-8^^ 

8.6 

0. 32 

0. 389 (3. 31) 

6.88 

10.5 (90) 

61777-5^^ 

9.1 

0. 31 

0.414 (3.52) 

5.63 

10.8 (92) 


♦Spinnerette temperature: 423*K (150*C) 
♦ ♦5-Filament yarn (5 x 40 nm jet) 



Table X 


Physical Properties from the Two Stage Process 


Spinner ette : 
Spinnerette Temperature : 
Bath Composition : 
Bath Temperature : 
Wash Roll Temperature : 


10 hole X 40 nm (micron) 

423'K (150*0 
W ater 

Room temperature (296*K - 23*C) 
328 - 338*K (55 - 65*C) 


Physical Properties 



Sample No. 

Overall Draw* 
Ratio 

DPF 

Tenacity 

GPa(g/d) 

Elongation 

% 

Modulus 

GPafg/d) 


42077-1* 

2.6 

4. 74 

0.150 (1. 28) 

87. 5 

5. 3 (45) 


420V7-2-D3 

5.4 

1. 22 

0.646 (5. 50) 

3.11 

23.1 (197) 


-2-D6 

5.2 

1. 28 

0. 703 (5.97) 

9.04 

18. 8 (160) 


-2-D7 

6.9 

0.92 

0.630 (5. 35) 

8.40 

15. 8 (134) 


-2-D8 

5.9 

1.19 

0.690 (5. 88) 

8. 04 

18.9 (161) 

c -d 

-1-Dl 

5.6 

0. 76 

0.666 (5.68) 

7.13 

18. 8 (160) 

V Cl 

-1-D2 

5.0 

0.97 

0.642 (5.46) 

6.26 

18. 8 (160) 


♦As-spun, draw only in the coagulant bath 


r«> 

c 


Table XI 

Physical Properties from the One Stage Process 

Spinner ette : 10 hole x 40 nm (micron) 

Spinnerette Temperatrare : 403®K (130’C) or 423*K (150 C) 

Bath Composition : Water 

Bath Temperature : Room temperature (296''K - 23®C) 

Wash Roll Temperature : 328 - 338’K (55'' - 65'C) 

Drying Roll Temperature : Steam -heated 0373'' K - 100 ’C) 

Physical Properties 



Overall Dr: w 
Ratio 

DPF 

Tenacity 

GPa(g/d) 

Elongation 

% 

Modulus 

GPa(g/d) 

1 * w A ~ w • 

5677-4* 

3. 2 

1.13 

0.600 (5.11) 

34, 8 

12. 3 (105) 


3. 6 

0. 93 

0. 727 (6.19) 

21. 4 

15. 7 (134) 

-7* 

4. 5 

0. 77 

0. 761 (6.48) 

22.1 

14.3 (126) 

6977 -1 

4. 5 

0. 60 

0.667 (5.69) 

9.61 

18.0 (153) 


5. 3 

0. 54 

0. 705 (6.00) 

7.15 

20. 3 (173) 

— 

51877-1* 

5.5 

0. 58 

0.636 (5.41) 

4. 31 

20.6 (175) 

-2* 

5. 3 

0. 53 

0. 565 (4. 73) 

4. 54 

19.4 (165) 

52077-7 

6. 0 

0. 60 

0. 705 (5. 99) 

13.1 

16. 3 (139) 

-9 

6. 5 

0. 50 

0. 764 (6. 50) 

8.89 

20.1 (171) 


♦Spinnerette Temperature: 423 ®K (150® C) 


j 


n, Tai»k V 


In fuUillnu'nt ol Ihc* contr.ti't r«*quirtMu<*nf s*. H.implck w»to doUvcrcd, In 
tol.%1, the* amountcMi to .ihinit 20 ({r.imn. A lluting of the itampIeM 

delivered In nhown in Table Xll. 


ORIGINAL PAGK IS 
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Table XU 


Sample No. 

5677-4 

5677-5 

5677-6 

5677-7 

5677-8 

5677-10 

5677-11 

5677-12 

51177-2 

52077-2 

52077-3 

52077-4 

52077-5 

52077-6 

52077-7 

52077-8 

52077-9 

8377-6 

8377-3 

8377-4 


Properties of Delivered Samples 



Denier 

Tenacity 

Elongation 

Modulus 

Filament 

Yarn 

GPa(R/d) 


CPa'g/d) 

1.13 

10.9 

0.600 (5.11) 

34.8 

12. 33 (105) 

0. 93 

7.87 

0.727 (6.19) 

21.4 

15.73 (134) 

0.77 

7.0 

- 

- 

- 

0.77 

7.0 

0. 761 (6. 46) 

22.1 

14. 79 (126) 

0. 77 

7.0 

- 

- 

- 

0. 80 

7.75 

- 

- 

- 

0. 80 

7.75 

- 

- 

- 

0. 80 

7.75 

0.751 (6.40) 

23.7 

14. 79 fl26) 

0.67 

6.26 

0.656 (5. 59) 

6.6 

19.02 (162) 

0. 55 

4.98 

0. 726 (6.18) 

10. 5 

19. 25 (164) 

0.68 

6. 26 

- 

- 

- 

0.68 

6. 26 

- 

- 

- 

0.68 

6. 26 

- 

- 

- 

0.68 

6.26 

0. 714 (6. 08) 

16.6 

16. 32 (139) 

0.60 

5.40 

- 

- 

- 

0.60 

5.40 

0.703 (5.99) 

13.1 

16. 32 (139) 

0. 50 

5.42 

0.763 (6. 50) 

8. 9 

20.08 (171) 

0. 28 

1.45 

0.660 (5.62) 

6.78 

18. 31 (156) 

0.18 

1.05 

0. 881 (7. 50) 

12.9 

19. 37 (165) 

0.17 

0. 80 

0. 815 (6.94) 

9. 52 

19. 61 (167) 


CONCLUSIONS 


Statf-of-th<* -art tc*i'hnoU>ny for the production of I, f> .ipf PIU fibcru ami 
yarn wa» puahrd forward to yield ultralow denier PHI yarnii w’lthout the 
neetl for the developnient of new equipment or unique proceaslni; technique*. 
An order of ma>inltude reduction In denier wa* achieved with little nacrlflce 
of fiber phyulcal propertle*. HecauHC of It* Inherent resistance to com- 
buHtlon, cheiiAlc.il* and radiation, a* well a* It* low and relatively non-toxic 
*moke ueneratlon, ultralow denier PIU yarn* can be recommended for weight 
critical application* In hostile and ha/ardou* environment*. 
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